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Abstract
Control of HIV-1 RNA processing and transport are critical to the successful replication of the virus. In previous work, we identified
a region within the HIV-1 env that is involved in mediating nuclear retention of unspliced viral RNA. To define this sequence further and
identify elements required for function, deletion mutagenesis was carried out. Progressive 5 and 3 deletions map the nuclear retention
sequence (NRS) within the intron between nts 8281 and 8381. While deletion of sequences comprising the 3ss had no effect, removal of
the 5ss resulted in cytoplasmic accumulation of unspliced RNA. Sequence analysis determined that the region corresponding to the NRS
is highly conserved among HIV-1 strains. To evaluate whether this NRS interacts with cellular factors, RNA electrophoretic mobility shift
assays (REMSA) were performed. We show that the NRS specifically interacts with cellular factors present in HeLa nuclear extracts, and,
by UV crosslinking, correlates with the binding of a 49-kDa protein. Immunoprecipitation of the UV crosslinked products determined that
this 49-kDa protein corresponds to hnRNP C.
© 2003 Elsevier Science (USA). All rights reserved.
Introduction
The segmented nature of protein coding sequences in the
mammalian genome has necessitated the evolution of mul-
tiple mechanisms to prevent the translation of incompletely
processed mRNAs. The physical compartmentalization of
RNA synthesis and processing from the site of translation
provides a barrier to the use of incompletely spliced RNAs
for protein synthesis. However, this physical separation
requires a means of discriminating between fully and in-
completely processed RNAs so that only the former can be
transported to the cytoplasm. Recent studies have demon-
strated that splicing of an RNA results in the deposition of
a complex (exon junction complex (EJC)) adjacent to the
former 5 splice site (5ss) comprising factors (Srm160,
Y14, DEK, RNPS1, REF/Aly) implicated in mRNA export
and potentially serves as a mark rendering the RNA com-
petent for transport (Le Hir et al., 2000a,b, 2001). While
providing a means for discriminating between unspliced and
spliced forms of RNA containing a single intron, the pres-
ence of multiple introns in most mammalian genes requires
the separation of fully processed from partially spliced tran-
scripts. Such discrimination may be facilitated by the co-
transcriptional nature of mRNA splicing (Lewin et al.,
1995; McCracken et al., 1998; Tennyson et al., 1995; Wua-
rin and Schibler, 1994; Zhang et al., 1996) such that all
introns are removed from the transcript prior to the cleav-
age, polyadenylation, and release of the RNA from the
template. Alternatively, some evidence supports the hypoth-
esis that the splice sites could serve as nuclear retention
elements (Chang and Sharp, 1989; Legrain and Rosbash,
1989). The association of components of the splicing ma-
chinery with the nuclear matrix suggests that once an RNA
engages in splicing, it becomes physically anchored to the
insoluble scaffold and can only be freed upon completion of
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the splicing process to interact with the nuclear pore (Cus-
todio et al., 1999; Gallinaro et al., 1983; Schroder et al.,
1987; Vogelstein and Hunt, 1982; Zeitlin et al., 1987).
However, multiple examples exist of retained introns in host
cell mRNAs that, in some instances, are used to generate
isoforms of the encoded protein (Adolph, 1999; Dytrych et
al., 1998; Higashikawa et al., 1996; Kienzle et al., 1999;
Lupetti et al., 1998; Niimi et al., 1999; Parker et al., 1998;
Rana et al., 2001; Sun et al., 2001; Tabiti et al., 1996; Zhang
and Longo, 1995). The detection of proteins encoded by
these intron-containing mRNAs indicates that they are not
only transported to the cytoplasm but also translated, sug-
gesting that the splicing signals within these mRNAs are not
sufficient for their retention within the nucleus.
In contrast to most mammalian genes, the genetic orga-
nization of retroviruses has required the evolution of mech-
anisms to control the extent of primary transcript splicing
and promote the transport of incompletely spliced RNAs to
the cytoplasm (Tang et al., 1999). Different retroviruses
have evolved distinct mechanisms to permit export of their
incompletely spliced RNAs to the cytoplasm. In the case of
both Mason–Pfizer and Rous sarcoma viruses, a sequence
within the viral RNA binds directly to a host factor that
mediates its export (Bray et al., 1994; Gruter et al., 1998;
Paca et al., 2000; Simpson et al., 1997). In the case of
lentiviruses such as HIV-1, a viral protein designated Rev
binds to the Rev response element (RRE) within env and
mediates interaction with host cell transport factors (Hope,
1999; Pollard and Malim, 1998). The block to cytoplasmic
transport of incompletely spliced HIV-1 RNAs in the ab-
sence of Rev is of interest in light of the inefficiency of the
splicing event (Amendt et al., 1994; Staffa and Cochrane,
1995) and the stability of the unprocessed viral RNA in the
nucleus (Malim and Cullen, 1993). Using a series of chi-
meric reporter constructs containing various segments of the
HIV genome, multiple cis-acting sequence elements were
identified with the ability to inhibit gene expression
(Brighty and Rosenberg, 1994; Cochrane et al., 1991; Mal-
darelli et al., 1991; Mikaelian et al., 1996; Nasioulas et al.,
1994; Schwartz et al., 1992b). Subsequent work determined
that the sequences operated at various levels (destabilization
of RNA in the case of gag INS elements) (Schwartz et al.,
1992a,b) and inhibition of RNA translation in the case of the
cis-acting repressive sequence (CRS) elements within pol
and env (Cochrane et al., 1991; Lawrence et al., 1991).
Experiments have determined that even the RRE itself can
inhibit gene expression within particular contexts (Brighty
and Rosenberg, 1994). The effects of these inhibitory se-
quences can be reversed by coexpression of Rev provided
that the RRE was present in cis. In the case of HIV-1 env,
several experiments provide evidence that the inability of
this RNA to be exported to the cytoplasm cannot be as-
cribed to the inefficient splicing of the RNA alone. Gp120
expression vectors lacking the known splice sites still re-
quire Rev for expression (Brighty and Rosenberg, 1994;
Nasioulas et al., 1994). This block can be overcome upon
optimization of the codons within the RNA, suggesting that
sequences within the intron are responsible for the regula-
tion observed (Haas et al., 1996). However, the major effect
seen within these studies was attributable to changes in the
stability of the RNA containing the wild-type HIV-1 se-
quences (Nasioulas et al., 1994). Additional work has im-
plicated the 5ss as playing a role in both env RNA stabi-
lization and nuclear retention. Mutation of the major 5ss of
env resulted in a dramatic reduction in RNA stability that
could be reversed upon coexpression of U1 snRNA variants
that restored basepairing with the mutated 5ss (Lu et al.,
1990). Deletion of the 5ss also results in expression of
gp120 becoming Rev-independent provided that an effi-
ciently excised intron is present within the expression vec-
tor, suggesting a role for at least the 5ss in the nuclear
retention process (Hammarskjold et al., 1994). Thus, this
evidence suggests a role of various sequences within incom-
pletely spliced env RNA on RNA stability, nuclear reten-
tion, and protein expression.
Previous work by this laboratory to evaluate the basis for
the inhibition of HIV-1 env RNA transport determined that
the inefficient splice sites alone within this RNA could not
account for the observed nuclear retention of unspliced
transcripts (Seguin et al., 1998). Unspliced RNAs contain-
ing only the 5 and 3 splice site signals were found to be
constitutively exported to the cytoplasm in the absence of
Rev. Nuclear retention of these unspliced RNAs required
the presence of a 200-nt intron sequence adjacent to the
terminal 3ss of env. To improve our understanding of the
requirements for function of this nuclear retention sequence
(NRS), deletions within this region were analyzed for their
effect on RNA subcellular distribution. As reported here, we
observed that the NRS is contained within a 100-nt se-
quence immediately adjacent to the env 3ss signal, does not
require the branch point or polypyrimidine sequences of this
splice site, and functions in conjunction with a 5ss. Anal-
yses for trans-acting factors able to interact with the NRS
identified hnRNP C, a nonshuttling nuclear protein, making
it a strong candidate for the factor involved in the observed
nuclear retention process.
Results
Mapping of the boundaries of the HIV-1 env NRS
Previous analyses by our laboratory demonstrated that
nuclear retention of unspliced HIV-1 env RNA in the ab-
sence of Rev could not be ascribed to the inefficient nature
of the splice sites present. Using a series of deletions of the
intron within the HIV-1 env vector pgTat, we observed that
unspliced RNA containing a 200-nt intron sequence adja-
cent to the 3ss (pgHT) was retained in the nucleus, while
RNA lacking this sequence (pgCT) accumulated in the
cytoplasm (Seguin et al., 1998). To better define the 5 and
3 boundaries of this element, deletions were constructed
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which progressively deleted 50 nt of the intron sequence in
the 5 to 3 direction (pgK1, pgK2, and pgK3; Fig. 1) or
25-nt deletions in the 3 to 5 direction (pgK5, pgK6; Fig.
2). Localization of unspliced RNA was determined by in
situ hybridization using a probe specific to intron sequences.
When the 5 deletion mutants were examined (Fig. 1),
unspliced RNAs from pgHT, pgK1, and pgK2 were found
to be localized to discrete sites within the nucleus. In con-
trast, unspliced RNA from pgK3 is found predominately
within the cytoplasm of the cell, indicating that the deletion
had removed or inactivated the nuclear retention sequence
present in the other constructs. In a similar fashion, 3
deletions were generated to map the 3 boundary of the
NRS. To permit the exchange of deleted fragments, a Cla1
site at nt 8381 was introduced in the context of pgK2
generating pgK4. In situ hybridization analysis of the sub-
cellular distribution of the unspliced forms of the RNA
generated from pgK4, pgK5, and pgK6 vectors (Fig. 2)
revealed that, while unspliced RNA from pgK4 was local-
ized to the nucleus, unspliced RNAs from both pgK5 and
pgK6 showed significant accumulation within the cyto-
plasm.
Fig. 1. Effect of 5 intron deletions on nuclear retention of unspliced RNA. (A) Schematics of the expression constructs used and how they relate to original
env vector pgTat. Location of the probe used to specifically detect unspliced RNA is also indicated. Boxes and bar correspond to portions of the Tat/Rev
protein exons and intron, respectively. HeLa cells were transfected with the vectors pgHT, pgK1, pgK2, or pgK3. Forty-eight hours posttransfection, cells
were fixed and the localization of unspliced RNA determined by in situ hybridization using the indicated probe. Representative examples of the distribution
pattern observed are shown in (B).
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To provide a more quantitative measure of the effect of
these deletions on unspliced RNA subcellular distribution,
in situ hybridization was carried out and a population of
cells was scored for the appearance of signal within the
cytoplasm (Table 1). As shown, unspliced RNA from pgK2
shows predominate localization to the nucleus, while RNAs
from pgK5 and pgCT display a much greater accumulation
in the cytoplasm. We also wished to determine whether
there was any correlation with changes in the extent or
nature of the splicing of the RNA and the location of the
unspliced RNA. A subset of constructs used above to map
the NRS boundaries were transfected into HeLa cells, and
isolated RNAs were analyzed by RT-PCR. Analysis of the
RT-PCR products showed that all constructs were spliced
and maintained usage of the correct 3ss. Furthermore, there
is no clear correlation between the effects on RNA splicing
and subcellular distribution (Fig. 3).
Role of the HIV-1 5 and 3 splice sites in NRS function
While the above data and the previous deletion studies
(Seguin et al., 1998) demonstrated that the 5 and 3 ss of
HIV-1 are not sufficient for the nuclear retention of un-
spliced HIV-1 RNA, the work did not exclude the possibil-
ity that the splice site sequences were required in addition to
the intron elements for nuclear retention of unspliced RNA
to occur. To evaluate their independent contributions, the
effect of deleting either the 5ss or the 3ss on distribution
of unspliced RNA was investigated (Fig. 4B). Subcellular
localization of unspliced RNA by in situ hybridization re-
vealed that unspliced RNA from pgHT3ss remained nu-
clear, as in the case with pgHT. Parallel analysis of the
splicing of this deletion revealed that removal of the au-
thentic HIV 3ss sequences resulted in the use of a cryptic
site downstream (Fig. 4C). While not allowing us to rule out
the participation of 3ss sequences in the process of nuclear
retention, it does indicate that sequences comprising the
HIV-1 env 3ss are not essential. In contrast, unspliced RNA
from pgHT5ss is no longer restricted to the nucleus,
suggesting that 5ss deletion abolishes nuclear retention of
unspliced RNA (Fig. 4B, Table 1). Analysis of RNA from
this construct by RT-PCR confirmed that no spliced prod-
ucts were detectable (Fig. 4C). Sequencing of the band
marked by the asterisk in Fig. 4C revealed it to have the
same sequence as the unspliced product.
Fig. 2. Effect of 3 intron deletions on nuclear retention of unspliced RNA.
(A) Schematics of the expression constructs tested and the probe used to
specifically detect unspliced RNA. The vector pgK4 differs from pgK2 (see
Fig. 1) only by insertion of a Cla1 site as indicated. (B) HeLa cells were
transfected with the vectors pgK4, pgK5 or pgK6. Forty-eight hours post-
transfection, cells were fixed and localization of unspliced RNA deter-
mined by in situ hybridization using a probe which spans the intron.
Representative examples of the distribution pattern observed are shown.
DAPI staining (DAPI) used to mark the position of the nucleus is also
shown.
Table 1
Effect of HIV-1 env deletions on the subcellular distribution of
unspliced RNA
Construct % of Cells displaying exclusively
nuclear staining for unspliced
RNA
pgTat 73  9.3
pgHT 73  9.2
pgK2 73  8.6
pgK5 29  9.0*
pgCT 28  11.4*
pgHT5ss 24 2.1*
pgHT3ss 85 5.7
pgTat ClaBgl 59.4  3.0
pgTat ClaBglHind 37 1.5*
Note. To provide a quantitative measure of the impact of the deletions on
unspliced RNA subcellular distribution, HeLa cells were transfected with
the indicated vectors. Forty-eight hours posttransfection, cells were fixed
and localization of unspliced RNA was determined by in situ hybridization
using a probe to intron sequences. A minimum of 100 cells per trial was
scored for the presence of signal only within the nucleus. Results shown are
the average of at least two independent determinations and values marked
by an asterisk were found to be significantly different from pgTat at a P
value  0.01.
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To investigate whether the requirement for the 5ss was
due to features unique to the HIV sequences or simply
required a functional 5ss sequence, chimeric constructs
were generated and subcellular localization of unspliced
RNA was monitored by in situ hybridization (Fig. 5). In
pSVHTSB, the HIV-1 5ss was replaced by 5ss of the first
intron of the human -globin gene. Unspliced RNA from
this construct is still retained in the nucleus. In
pSVHTSB5ss, this -globin 5ss was removed from pS-
VHTSB, resulting in cytoplasmic accumulation of un-
spliced RNA (Fig. 5). To examine whether a single splicing
event could override the effect of the NRS, a second set of
constructs was examined. In pSVHTBam, a -globin 3ss
was introduced upstream of HIV-1 NRS and RNA contain-
ing the NRS element was found to accumulate in the cyto-
plasm. In contrast, introducing a  5ss downstream of the
 3ss of pSVHTBam, generating pSVHT and two introns,
restores nuclear retention even after a single splicing event
removing the -globin intron.
Mapping of an additional NRS
All of our mapping studies of cis-acting elements re-
quired for nuclear retention processing were done in the
pgHT context, which already contains a deletion within the
intron region of the HIV-1 env sequence. Therefore, it was
necessary to investigate whether the 100-nt NRS was nec-
essary and sufficient in the full-length env context for the
nuclear retention of the unspliced RNA. To address this
question, the mapped NRS was deleted in the context of
pgTat and the subcellular localization of unspliced RNA
was monitored by in situ hybridization (Fig. 6, Table 1). The
observation that deletion of the 100-nt NRS did not result in
cytoplasmic accumulation of unspliced RNA indicates that
the mapped NRS was not essential for its nuclear retention.
It also raised the suggestion that there were functionally
redundant sequences elsewhere within the env intron. To
test this hypothesis, additional deletions were made in the
context of the deletion of the first NRS (pgTat Cla) and their
effect on subcellular distribution of unspliced RNA deter-
mined. As shown (Fig. 6, Table 1), while deletion of nt
7091–7671 (pgTat Cla Bgl) had only a limited effect,
deletion of additional sequences nt 7671–8381 (pgTat Cla
BglHind) resulted in a significant accumulation of un-
spliced RNA in the cytoplasm. This data support the exis-
tence of at least two NRS elements within the HIV-1 env
intron.
Detection of complex assembly on the HIV-1 env NRS
To investigate whether the activity of the NRS ele-
ment mapped between nt 8281 and 8381 of HIV-1 could
be attributed to the assembly of a complex on the RNA,
RNA electrophoretic mobility shift assays (REMSA)
were performed (Fig. 7). As probes, uniformly labeled
RNA containing 5 and 3 splice sites and either contain-
ing or lacking the NRS (B1-HH and B1-CBSB, re-
spectively) were incubated with HeLa nuclear extract and
RNA–protein complex formation examined (Fig. 7A).
Incubation of nuclear extracts with B1-HH RNA, but
not B1-CBSB RNA, resulted in detection of a complex.
In addition, it was shown that this NRS-specific complex
formation was blocked by the addition of excess cold
B1-HH RNA but not cold B1-CBSB RNA, supporting
the hypothesis that the complex is dependent upon the
presence of the NRS. To examine whether formation of
the complex observed is dependent upon the presence of
a 5ss, RNA from a third construct lacking the 5ss,
B1-HH, was incubated with nuclear extracts (Fig. 7A).
Using this 5ss-deficient RNA, a complex is detected and
is competed by adding excess cold competitor, suggest-
ing that this RNA–protein interaction observed is inde-
pendent of the 5ss.
As further confirmation that the complex is dependent on
an intact NRS, REMSA was repeated using RNAs contain-
ing the minimal NRS sequence (B1-K25ss) or a 25-nt
Fig. 3. Effect of intron deletions on splice site usage. HeLa cells were
transfected with the vectors pgHT, pgK2, pgK3, pgK5, or pgCT. Forty-
eight hours posttransfection, total RNA was harvested, and unspliced or
spliced RNAs were amplified by RT-PCR to evaluate the relative levels of
unspliced versus spliced RNAs. RT-PCR products corresponding to both
unspliced and spliced RNAs were amplified with forward primers (1 for
spliced, and 2 for unspliced) and 32P-end-labeled reverse primer (3).
Amplified bands were then resolved by PAGE and visualized following
exposure to phosphor screens. (A) Schematics of the constructs and the
position of the PCR primers used and (B) RT-PCR products corresponding
to unspliced (U) and spliced (S) RNAs.
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deletion mutation within the NRS (B1-K55ss, Fig. 7B).
In contrast to RNA containing the minimal NRS (B1-
K25ss), formation of a complex with B1-K55ss RNA
is severely disrupted, indicating that the complex detected is
dependent upon an intact NRS.
Identification of NRS-interacting factors
To identify the cellular factors which interact with the
NRS, 32P-labeled RNAs corresponding to either the entire
NRS or the 25-nt deletion mutant (B1-K25ss and B1-
Fig. 4. Effect of deleting the HIV-1 5 or 3 splice sites on nuclear retention of unspliced RNA. (A) Schematics of the expression constructs used and the
location of the probe for in situ hybridization. (B) HeLa cells were transfected with the vectors pgHT, pgHT5ss, or pgHT3ss. Forty-eight hours
posttransfection, cells were fixed and the location of unspliced RNA determined by in situ hybridization using a probe that detects unspliced RNA exclusively.
(C) HeLa cells were transfected with pgHT, pgHT5ss, or pgHT3ss, and total RNA was used to amplify unspliced (U) or spliced (S) RNA using the
primers indicated in (A). Amplified bands were then resolved by PAGE and visualized by exposure to the phosphor screen. The asterisk marks the position
of a band subsequently determined to have the same sequence as the unspliced RNA band.
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K55ss, respectively) were incubated with nuclear extracts
and proteins within the complex crosslinked by UV irradi-
ation. As shown in Fig. 8A, a number of proteins nonspe-
cifically interact with RNAs from both B1-K25ss and
B1-K55ss. However, a 49-kDa band is specifically
crosslinked to NRS-containing B1-K25ss RNA, but not
to mutant NRS-containing K55ss RNA, indicating that
this 49-kDa protein is a candidate cellular factor involved in
the nuclear retention process.
In light of the role that heterogeneous nuclear ribo-
nucleoproteins (hnRNPs) play in various pre-mRNA pro-
cessing steps (Dreyfuss et al., 1993; Krecic and Swanson,
1999), we tested whether any of them specifically bound the
NRS. Immunoprecipitation of the UV-crosslinked complex
was performed using antibodies against various hnRNPs
(Fig. 8B). Whereas only nonspecific complexes were im-
munoprecipitated from both B1-K25ss and B1-K55ss
using antibodies against hnRNP A1 (4B10) or hnRNP
A2/B1 (EF67), the 49-kDa protein was specifically immu-
noprecipitated from the NRS-containing B1-K25ss com-
plex, but not from the mutated NRS B1-K55ss complex,
using anti-hnRNP C1/2 antibody (4F4).
Discussion
The important role that viral RNA processing/transport
plays in HIV-1 replication (Tang et al., 1999) has focused
the efforts of our laboratory on examining the various ele-
ments/factors which impact on these processes. As sug-
Fig. 5. Effect of chimeric 5 splice sites on nuclear retention. (A) Schematics of the expression constructs used. Stippled boxes and bars correspond to -globin
exon and intron sequences, respectively. Open boxes and bars correspond to HIV-1 exon and intron sequences, respectively. (B) HeLa cells were transfected
with the vectors pSVHTSB, pSVHTSB5ss, pSVHTBam, or pSVHT. Forty-eight hours posttransfection, cells were fixed and localization of HIV-1
NRS-containing RNA was determined by in situ hybridization using a probe corresponding to the NRS (indicated in (A)). For each construct, a representative
example of the subcellular distribution pattern is shown (unspliced RNA), along with the location of the nucleus by DAPI staining (DAPI).
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gested by earlier work (Seguin et al., 1998) and examined in
greater detail here, the failure of incompletely spliced viral
RNA to accumulate in the cytoplasm cannot be ascribed
solely to the inefficient nature of the splice sites present. Our
work suggests the presence of multiple (minimally two)
nuclear retention sequences within the env coding region.
The NRS sequence mapped between nt 8281 and 8381
corresponds to the conserved C12 region of env. Analysis of
sequences corresponding to this region from numerous viral
strains (Fig. 9) revealed almost complete conservation at the
nucleotide level of the NRS. In light of the rapid rate of
virus mutation, the lack of sequence variation within this
region among the various HIV-1 strains (particularly the
wobble position of the codon) suggests that the primary
nucleotide sequence serves a function other than simply
coding for the amino acids of gp41. The second NRS (nt
7671–8181, pgTat Cla Bg1Hind) encompasses the RRE
that has been previously shown to negatively impact on
gp120 expression (Brighty and Rosenberg, 1994). These
observations indicate that multiple sequence elements
within the env region contribute to the control of viral RNA
transport. Comparisons with NRS-like elements within the
LTR of HTLV-1 (King et al., 1998) failed to show any
region of extensive homology. Although it may appear
paradoxical for the virus to evolve a mechanism to retain a
significant fraction of its RNA in the nucleus, the increased
time of residence of incompletely spliced viral RNA within
the nucleus might ensure that a proportion of the RNA
undergoes splicing and generates sufficient quantities of tat,
rev, and nef for virus replication. Alternatively, it could
Fig. 6. Mapping of additional NRS elements within the HIV-1 env intron. (A) Schematics of the expression constructs used. To test whether the NRS mapped
to nt 8281–8381 was solely responsible for nuclear retention of unspliced env RNA, the region encompassing this sequence was deleted in the context of
pgTat to generate pgTat Cla. Further intron deletions were made to test for the presence of additional NRS elements and were designated pgTat Cla Bgl
and pgTat Cla BglHind. Solid bar denotes the sequence used as probe for in situ hybridizations. (B) Forty-eight hours posttransfection, cells were fixed
and localization of HIV-1 NRS-containing RNA was determined by in situ hybridization using a probe that detects unspliced RNA exclusively. For each
construct, a representative example of subcellular distribution pattern is shown (unspliced RNA), along with the location of the nucleus by DAPI staining
(DAPI).
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Fig. 7. Interaction of host factors with NRS RNA. (A) Radiolabeled RNAs from constructs containing (B1-HH) or lacking (B1-CBSB) the NRS (stippled
bars, -globin sequence; open bars, HIV-1 sequence) were incubated in the absence () or presence () of nuclear extract, and in either the absence ()
or the presence of () excess cold RNA competitors. Complex assembly was evaluated by REMSA. NRS-dependent complex assembly was also tested when
the 5 splice site was deleted (B1-HH). Complexes were resolved on a 5% native polyacrylamide gel and detected following exposure to phosphor screens.
(B) Complex assembly was also monitored using radiolabeled RNA lacking the 5ss and containing the minimal NRS sequence (B1-K25ss) or with a 25-nt
deletion (B1-K55ss). RNAs from full-length or mutant-NRS constructs were incubated in the absence () or presence () of nuclear extracts and/or excess
cold RNA competitors. Complexes were resolved on 5% native polyacrylamide gel and visualized following exposure to phosphor screens. Schematics of
RNA probes are shown.
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provide a mechanism for establishing a latent infection by
blocking viral structural protein expression.
Analysis of the elements required for NRS function
yielded some interesting observations. Whereas removal of
the HIV-1 env 3ss failed to result in loss of NRS function,
deletion of the 5ss determined that its presence is essential
for NRS function. Upon 5ss deletion, as in both pgHT5ss
(Fig. 4) and pSVHTSB5ss (Fig. 5), cytoplasmic accumu-
lation of RNA containing the NRS was observed. Interest-
ingly, NRS-dependent sequestration of unspliced RNA to
the nucleus is independent of whether the 5ss of HIV-1 env
or of the -globin first intron is used. This observation
suggests that it is the presence of a functional 5ss, not
surrounding sequence, which appears to be required for the
retention of unspliced RNA. This finding is in agreement
with the previous observation that env sequences must be
present within the context of an intron in order for nuclear
sequestration of unspliced RNA to occur (Hammarskjold et
al., 1994).
Despite nuclear retention showing a dependence on the
5ss splice site, analysis of the RNA generated by the
various deletions (Fig. 3) failed to show a correlation be-
tween the changes in the extent of RNA splicing and the
subcellular distribution of the unspliced RNA. This obser-
vation indicates that the NRS between nt 8281 and 8381
does not function by modulating splice site efficiency. Fur-
thermore, no significant changes in abundance of unspliced
RNAs were found among the various constructs tested (Fig.
Fig. 8. Identification of NRS interacting host factors. (A) Detection of host factors which interact with the NRS. Radiolabeled RNA probes that contain either
a functional NRS (B1-K25ss) or a 25-nt deletion within the NRS (B1-K55ss) were incubated with nuclear extract and subsequently UV irradiated. After
RNase digestion of the complexes, crosslinked products were resolved on 10% SDS–polyacrylamide gels and labeled proteins were detected by exposure to
phosphor screens. Molecular weight of the protein specifically labeled in the presence of the NRS is indicated. Schematics of RNA probes used are shown.
(B) Immunoprecipitation of UV crosslinked products. Following incubation of labeled RNA with nuclear extracts and UV irradiation, complexes formed
(Load) were incubated with antibody to hnRNPA1, hnRNPA2, or hnRNP C1/2 and immune complexes were collected using Protein G–Sepharose.
Immunoprecipitated proteins were resolved on a 10% SDS–polyacrylamide gel and labeled proteins were detected by exposure to phosphor screens. The
49-kDa band identified by the UV crosslinking assay is indicated by an asterisk.
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3), indicating that there was no change in the overall sta-
bility of the unspliced RNA whether in the cytoplasm or
nucleus. The dependence of the nuclear retention of HIV-1
env unspliced RNA on the presence of a functional 5ss may
explain why the NRS element within HIV-2 affects only
transport of incompletely spliced but not spliced RNA
(Keller et al., 1993). Unlike the HIV-1 element, the HIV-2
NRS is within the terminal exon of the virus and so is
present within all viral mRNA (both spliced and unspliced).
However, its presence only affects the transport of unspliced
viral RNA, indicating a requirement for interaction with
other elements unique to the unspliced RNA, putatively the
5ss. This raises the possibility that the NRS interacts in
some fashion with splicing factors assembled on the 5ss to
effect nuclear retention. Subsequent tests of the function of
the NRS in various contexts (pSVHT versus pSVHTBam)
add further support to this intrepretation. In pSVHTBam,
the spliced transcript containing the NRS accumulates in the
cytoplasm. This observation suggests that removal of the
-globin intron has either eliminated sequences required for
NRS function or added a positive signal that overrides the
NRS (possibly the exon junction complex (Le Hir et al.,
2000a,b, 2001)). In support of the former hypothesis, inser-
tion of a second 5ss restores the nuclear accumulation of
RNA containing the NRS. Splicing of the first intron does
not result in loss of NRS function, suggesting that the EJC
which forms cannot override the action of the NRS when
paired with a 5ss. Therefore, while formation of the EJC
may promote RNA export, nuclear retention signals within
other introns clearly dominate.
The demonstration that the NRS interacts with host cell
factors and the identification of hnRNP C as one component
of the assembled complex (Figs. 7 and 8) suggests that the
nuclear sequestration induced by the NRS is the result of the
interaction of factors assembled at the NRS with those on
the 5ss. Interestingly, unlike many other hnRNP proteins
that are capable of shuttling between the nucleus and the
cytoplasm, hnRNP C is restricted to the nucleus (Nakielny
and Dreyfuss, 1996; Pinol-Roma and Dreyfuss, 1992). This
confinement to the nucleus has been attributed to a78
amino acid region within its auxiliary domain of hnRNP C
that functions as a nuclear retention element (Nakielny and
Dreyfuss, 1996). Therefore, as previously suggested (Na-
kielny and Dreyfuss, 1996), our result provides evidence
that hnRNP C is involved in nuclear retention of pre-mRNA
but that its binding alone is not sufficient in the absence of
a 5ss. The large size of the NRS mapped (100 nt) also
suggests that the binding of additional factors (not detected
in the current assays) is required or that the NRS must adopt
a secondary structure for its function. Future experiments
will attempt to address these issues.
In this article, we mapped two regions within HIV-1 env
that behave as nuclear retention sequences, and we believe
that, in one case (NRS nt 8281–8381), the region minimally
requires an interaction with hnRNP C to result in the nuclear
sequestration of unspliced RNA. The mechanism by which
Fig. 9. Sequence analysis of the HIV-1 nuclear retention sequence. Conservation of the HIV-1 NRS among various HIV-1 subtypes. The HIV-1 Hxb2 NRS
sequence was used to scan for homologous sequences within the NCBI database and shown is a sample of the alignment performed using 100 HIV-1 clones.
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nuclear retention is achieved can be further addressed by
defining regions of hnRNP C required for this activity and
the identification of interacting factors, particularly those
binding the 78 amino acid nuclear retention domain. Fur-
thermore, the nature of the interaction between the 5ss and
the NRS requires further study.
Materials and methods
Construction of expression vectors
Constructs used to examine the minimal sequences re-
quired for nuclear retention of unspliced RNA are deriva-
tives of pgHT that has been previously described (Seguin et
al., 1998). To map the 5 boundary of the NRS, deletion
mutants (pgK1, pgK2, pgK3) were generated by PCR using
the forward primers K1 (5-GG GGT ACC AAC AAG
AAT TAT TGG AAT-3), K2 (5-GG GGT ACC AAC
ATA ACA AAT TGG CTG-3) or K3 (5-GG GGT ACC
AGG CTT GGT AGG TTT AAG-3), the reverse primer
CAT PvuII (5-GAA ATG CCT CAA AAT GTT -3), and
pSVHTSB (Staffa and Cochrane, 1994) as template. Am-
plicons were digested with Kpn1/BamH1 and cloned into
the Kpn1/BamH1 sites of pgHT.
To map the 3 boundary of the nuclear retention se-
quence, mutants (pgK4, pgK5, pgK6) were generated by
PCR using the forward primer Sal1 (5-ACG CGT CGA
CAT AGC AGA ATA-3) and reverse primers K4 (5-CCA
TCG ATA GAC AGC AAA AAC TAT TC-3), K5 (5-
CCA TCG ATC TAC CAA GCC TCC TAC TA-3) or K6
(5-CCA TCG ATG AAT AAT TTT ATA TAC CA-3)
using pgK2 as template. Amplicons were digested with
Sal1/Cla1 and cloned into the Sal1/Cla1 sites of pgCT
(Seguin et al., 1998).
To test for the requirement of HIV-1 5ss, pgHT5ss
was generated by cloning the SalI/HindIII fragment from
hxb2 env into the SalI/HindIII site of pgHT. To test for the
requirement of HIV-1 3ss signals (branch point, polypyri-
midine tract) for NRS function, deletion was carried out by
amplification using the primers X-100 (5-AAG GCG ATT
AAG TTG GGT-3) and 3ss (5-CGG GAT CCC AGC
AAA AAC TAT TCT TA-3) with pSVHTSB as template.
The amplicon was digested with HindIII/BamH1 and cloned
into the HindIII/BamH1 sites of pgHT to generate
pgHT3ss. The vector pSVHT was generated in a two-
step procedure. First the BamH1 fragment of B1-ivsCAT
was cloned into the BamH1 site of pSV (Staffa and
Cochrane, 1994, 1995) generating pSV, resulting in a
duplication of the first intron of human -globin. A Sal1
fragment of pSV was then cloned into the Sal1 site of
pSVHTSB to generate pSVHT. The plasmid pSVHTBam
was generated by inserting the blunted SalI-BamHI frag-
ment of B1-HIVSA HT into the blunted BamHI site of
pSV. All constructs were confirmed by restriction digest
and dideoxy sequencing. The numbering system used in the
figures corresponds to that of the Hxb2 variant of HIV-1
(GenBank Accession No. K03455).
To generate the NRS deletion in the context of pgTat, an
amplicon was generated by PCR using the forward primer
Cla (5-CCC AAG CTT AGT GAA TAG AGT TAG GCA-
3), the reverse primer pgTatDR (5-AAT TCT AAT ACG
ACT CAC TAT AGG GAG AGC AGA GGG GTG GAC
AGG GTA GT-3), and pgHT as template. The amplicon
was then digested with HindIII/BamHI and cloned into the
HindIII/BamHI sites of pgTat to generate pgTat Cla. Sub-
sequent mapping of other NRS elements was performed by
deletion of additional intron sequences by either BglII or
BglII/HindIII digest of pgTat Cla and ligation of the vector
to generate pgTat Cla Bgl and pgTat Cla BglHind,
respectively.
The plasmids Bl-HH and B1-CBSB were generated
by digestion of pSVHH and pSVCBSB (Staffa and
Cochrane, 1994, 1995), respectively, with HindIII/BamH1
and cloning the insert into the respective sites of Bluescript
SK (Stratagene). To test for the requirement of the 5ss for
complex assembly, B1-HH was generated by cloning the
SalI/BamHI fragment of pSVHH into the SalI/BamHI site of
B1-ivs. To generate B1-K25ss, B1-K55ss, and B1-
CT5ss, pgK2, pgK5, and pgCT were first digested with
SalI/BamHI, and the digested products were inserted into
SalI/BamHI sites of Bluescript SK, generating B1-K2, B1-
K5, and B1-CT, respectively. 5 splice sites from these
plasmids were then removed by digesting them with KpnI,
generating B1-K25ss, B1-K55ss, and B1-CT5ss.
Transfection of cell lines
HeLa cells were transfected with 5 g of expression
constructs using calcium phosphate or DEAE-dextran trans-
fection protocols (Cullen, 1988; Kriegler, 1990). Forty-
eights hours posttransfection, cells were either fixed in 4%
paraformaldehyde, 1 PBS for 10 min for use in in situ
analysis or lysed in 4 M guanidine isothiocyanate, 25 mM
sodium citrate pH 7.0, 0.1 M -mercaptoethanol, and 0.5%
sarkosyl for total RNA extraction (Chomczynski and Sac-
chi, 1987).
In situ hybridization
Probes used to detect unspliced mRNA from pgHT,
pgK1, pgK2, pgK3, pgHT3ss, and pgHT5ss consisted
of antisense RNA generated by linearizing B1-Tat S/K with
Ssp1 followed by in vitro transcription with T7 RNA poly-
merase using DIG-UTP (Boehringer Mannheim). The probe
spanned 200 nt of the intron near the 5ss of the env gene.
In the case of the vectors pSVHTSB, pSVHTSB5ss,
pSVHTBam, and pSVHT, detection of RNA containing
HIV env intron sequences was achieved through the use of
the plasmid B1-HIVHC (containing nucleotides 8181 to
8381 of hxb2). The plasmid was linearized with Sal1 and
transcribed with T3 RNA polymerase and DIG-UTP.
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In situ hybridization was carried out as previously de-
scribed (Seguin et al., 1998). In brief, following fixation,
coverslips were washed twice with PBS and stored in 70%
ethanol at 4°C. For prehybridization, each coverslip was
inverted onto 60 l of prehybridization solution (50%
deionized formamide, 2 SSPE, 5 Denhardt’s reagent,
and 1 mg/ml tRNA); the chamber was sealed with parafilm
and incubated for 1 h at 42°C. For each sample, the appro-
priate RNA probe was resuspended at 1–4 ng/l in fresh
hybridization solution and heated at 80°C for 10 min. The
coverslips were then placed onto 30 l of this fresh hybrid-
ization solution; the chambers were sealed with parafilm
and incubated overnight at 42°C. Unbound probe was re-
moved by washing four times for 15 min in 50% deionized
formamide, 2 SSPE at 42°C. Samples were blocked and
then incubated in 4% blocking reagent (Boehringer Mann-
heim) containing FITC-conjugated sheep anti-DIG antibody
(Boehringer Mannheim) (1/40 dilution). Unbound antibody
was removed by washing four times for 15 min at room
temperature in 0.1 M maleic acid, 0.15 M NaCl, pH 7.4. In
some instances, samples were stained with DAPI to detect
the cell nuclei. Samples were mounted in antibleach me-
dium (Molecular Probes) and stored in the dark at 4°C.
RNA analysis
To evaluate the role of NRS deletion on splice site usage,
levels of unspliced versus spliced RNAs were analyzed by
RT-PCR. HeLa cells were transfected with 5 g of various
test plasmids by calcium phosphate precipitation (Kriegler,
1990). Forty-eight hours posttransfection, total RNA was
isolated as previously described (Chomczynski and Sacchi,
1987). Total RNA was then used to generate cDNA. Three
micrograms of RNA was preincubated with 0.2 g of T20
VN primer at 65°C for 10 min, followed by incubating the
mix on ice for 1 min. This RNA–oligo(dT) mix was added
to 200 U of M-MLV reverse transcriptase (GIBCO) in the
presence of 1.25 mM dNTP and 0.005 mM DTT to generate
cDNA by incubating this mixture at 37°C for 1 h, followed
by heat-inactivation of RT at 70°C for 10 min. Using cDNA
as template, PCR was performed with a 32P-end-labeled
reverse primer (5-AAT TCT AAT ACG ACT CAC TAT
AGG GAG AGC AGA GGG GTG GAC AGG GTA GT-3)
and two forward primers which specifically detect cDNA
representing the spliced or unspliced RNA (5-AGC GGA
GAC AGC GAC GAA GAG-3 and 5-AAT GAG AGT
GAA GGA GAA ATA TC-3, respectively). Using Taq
Polymerase (Roche Diagnostic), 30 cycles of amplification
was performed as follows: 1 min 94°C, 1 min 56°C, and 2
min 72°C. Amplified samples were then resolved by 5%
polyacrylamide gel (29:1 acrylamide:bis-acrylamide). Gels
were dried, exposed to phosphor screen (Molecular Dynam-
ics), and scanned. To confirm identity of the amplified
products, unlabeled PCR reactions were performed; ampli-
cons were gel purified and sequenced.
RNA electrophoretic mobility shift assays
To assay for the interaction of host cell factors with the
HIV-1 nuclear retention sequence, RNA electrophoretic
mobility shift assays were performed. Labeled RNA probes
were generated by in vitro transcription using [-32P] UTP
according to the manufacturer’s protocol (Promega) from
various BamH1-linearized template constructs (B1-HH,
BL-CBSB, B1-HH, B1-K25ss, or B1-K55ss). RNA
was isolated by phenol-chloroform extraction and ethanol
precipitation. RNA (0.5–1.0 ng) was incubated in 20 l
reactions containing 5 l HeLa nuclear extract (Dignam et
al., 1983) and 50 mM HEPES pH 7.5, 20 mM KCl, 1.5 mM
MgCl2 125 mM 2-mercaptoethanol, and 2.5% glycerol.
Samples were incubated at room temperature for 30 min,
followed by addition of 0.2 g heparin and 2 l loading
buffer (9% glycerol, 10 mg/ml bromphenol blue, 10 mg/ml
xylene cyanol, 5 TBE). Samples were loaded onto 5%
polyacrylamide (70:1 acrylamide/bis-acrylamide), 1 TBE
gels, and run at 150 V at room temperature. Dried gels were
exposed to phosphor screens for detection of complexes
formed. When examining the effect of unlabeled competitor
RNA on complex formation, samples were preincubated
with unlabeled RNA at RT for 10 min prior to addition of
radiolabeled RNA probe.
UV-crosslinking and immunoprecipitation
Labeled RNAs were incubated with HeLa nuclear ex-
tract, as per the RNA mobility shift assay and RNA–protein
complexes crosslinked by irradiating with UV light on ice
using a UV Crosslinker (FB-UVXL-1000, Fisher Biotech)
for 10 min with 8  105 J, 10 cm from the UV source.
Crosslinked RNA–protein complexes were then digested
with 10 g of RNase A for 30 min at 37°C. Samples were
boiled for 5 min with 2 dissociation buffer (0.125 M
Tris–HCl pH 6.8, 4% SDS, 20% glycerol, and 0.2% brom-
phenol blue) and resolved on 10% SDS–PAGE (19:1 acryl-
amide/bis-acrylamide). Gels were dried, exposed to phos-
phor screens, and scanned using a Molecular Dynamics
Phosphorimager.
To identify proteins interacting with the NRS, immuno-
precipitations were performed using the UV crosslinked
complexes. Following UV crosslinking and RNase A diges-
tion, 225 l RIPA buffer (150 mM NaCl, 10 mM Tris–HCl
pH 7.5, 0.1% SDS, 1% Triton X-100, 24 mM sodium
deoxycholate, 1 mM EDTA, and 0.25 mM PMSF) was
added to the crosslinked proteins along with various hnRNP
antibodies (4B10, EF67, or 4F4), and the mixture was in-
cubated for 2 h at 4°C with gentle agitation. Twenty micro-
liters of GammaBind Plus Sepharose beads (Amersham
Pharmacia) was added and reactions were incubated over-
night at 4°C. Beads were washed three times with RIPA
buffer, resuspended in RIPA buffer, boiled for 5 min with
2 dissociation buffer, and resolved on 10% SDS–PAGE.
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Gels were dried, exposed to phosphor screens, and scanned
using a Molecular Dynamics Phosphorimager.
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